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ABSTRACT
We conducted an optical and near-infrared polarimetric observation of the
highly dormant Jupiter-Family Comet, 209P/LINEAR. Because of its low ac-
tivity, we were able to determine the linear polarization degrees of the coma
dust particles and nucleus independently, that is Pn=30.3
+1.3
−0.9% at α=92.2
◦ and
Pn=31.0
+1.0
−0.7% at α=99.5
◦ for the nucleus, and Pc=28.8
+0.4
−0.4% at α=92.2
◦ and
29.6+0.3−0.3% at α=99.5
◦ for the coma. We detected no significant variation in P
at the phase angle coverage of 92.2◦–99.5◦, which may imply that the obtained
polarization degrees are nearly at maximum in the phase-polarization curves.
By fitting with an empirical function, we obtained the maximum values of linear
polarization degrees Pmax=30.8% for the nucleus and Pmax=29.6% for the dust
coma. The Pmax of the dust coma is consistent with those of dust-rich comets.
The low geometric albedo of Pv=0.05 was derived from the slope–albedo rela-
tionship and was associated with high Pmax. We examined Pmax–albedo relations
between asteroids and 209P, and found that the so-called Umov law seems to be
applicable on this cometary surface.
Subject headings: comets: individual (209P/LINEAR) — polarization — mete-
orites, meteors, meteoroids
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1. Introduction
The linear polarization of light scattered by airless solar system objects (i.e. comets
and asteroids) is a useful tool for investigating the physical properties of their surfaces.
The phase-polarization curves display a common behaviour, having a negative polariza-
tion branch at 0◦<α.20◦, positive branch at α &20◦, and maximum polarization around
α=90–100◦, where α denotes the solar phase angle (i.e. Sun–object–observer’s angle). The
phase-polarization curves of asteroids, usually observed in the mainbelt at a low phase angle
(α <30◦), provide information about composition (i.e. taxonomic type), optical properties,
porosity of the surface regolith layers, and so on (see e.g. Dollfus et al. 1989; Shkuratov et al.
2002; Gil-Hutton et al. 2014). In contrast, comets, which are usually enclosed in a dust coma
plus gas contamination, have been observed with polarimeters at a wide range of phase an-
gles, providing the composition, size and structure (fluffy or compact) of dust grains in comae
(Zubko et al. 2011; Kolokolova et al. 2007).
Although several near-Earth asteroids (NEAs) and active comets were observed at large
phase angles, little is known about the polarimetric properties of bare comet nuclei at large
phase angles. Whenever comets are observed at large phase angles (i.e. α >90◦), their nu-
clei are supposed to shrouded in thick cometary comae, because comets are located within
1 AU in the geometry where they are heated up, creating outflow of dust particles and
sublimating ice. This paper attempted to obtain unique data of the linear polarization
degree, P , for a bare cometary nucleus as well as dust particles of 209P/LINEAR (here-
after 209P). The comet is classified among the Jupiter-Family Comets (hereafter JFCs, the
semimajor axis a=2.932 AU, eccentricity e=0.692, inclination i=19.4◦, and the Tisserand
parameter with respect to Jupiter, TJ=2.80) and known as the parent body of a meteor
shower, the May Camelopardalids (Jenniskens & Lyytinen 2014). It closely encountered the
Earth in late May, 2014, providing us with the opportunity to observe it at large phase
angles. Ishiguro et al. (2015) noticed that 209P nucleus was largely mantled by the surface
dust layer, showing very weak activity when it closely approached Earth in 2014 April–May.
We conducted polarimetric observations of the comet at large phase angles in optical
and near-infrared wavelengths using newly developed instruments as part of OISTER (an
inter-university observation network in the optical and infrared wavelengths) activities. From
the observed data, we subtracted the faint coma components to derive the nuclear Pn, and
compare the results with those of previous studies.
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2. Observations and Reductions
2.1. Observations
Polarimetric observations of 209P were conducted for five nights in 2014 April–May
using two telescopes: the Hiroshima Optical and Near-InfraRed camera (HONIR) on the
1.5-m Kanata telescope (hereafter Kanata) at the Higashi-Hiroshima Astronomical Obser-
vatory, Hiroshima, and the visible Multi-Spectral Imager (MSI) on the 1.6-m Pirka telescope
(Pirka) at Hokkaido University’s Nayoro Observatory in Hokkaido, Japan. In the imaging
polarimetric mode, each instrument employs a Wollaston prism beam-splitter and a rotatable
half-wave plate modulator, which produces reliable data sets taking ordinary and extraor-
dinary images simultaneously at four position angles θ=0◦, 45◦, 22.5◦, and 67.5◦. HONIR
provides a simultaneous optical and near-infrared imaging polarimetry in a sequence of ex-
posures. The detectors consist of a 2048 × 4096 pixel Hamamatsu Photonics fully depleted
back-illuminated CCD with a pixel scale of 15 µm for optical channel and a 2048 × 2048
pixel Raytheon VIRGO-2K HgCdTe array with a pixel scale of 20 µm for infrared channel,
respectively (Akitaya et al. 2014). MSI enables optical polarimetric measurements using the
EM-CCD camera (Hamamatsu Photonics C9100-13), which employs a back-thinned 512 ×
512 pixel frame transfer CCD with a pixel scale of 16 µm (Watanabe et al. 2012). We ob-
served 209P with HONIR/Kanata and MSI/Pirka at large phase angles, that is, 85.5–99.5◦
(RC-band) and 85.5–89.9
◦ (J-band). We employed a non-sidereal (cometary motion) track-
ing with MSI/Pirka, and a sidereal tracking with HONIR/Kanata. The exposure times were
chosen ranging from 45 seconds to 180 seconds depending on the detected fluxes and the
apparent motion of 209P. Note that the apparent motion of the comet was fast in late May
2014 (5–7′′ min−1 with respect to the sidereal tracking) so that we chose short exposure
times to reduce the risk of tracking errors of these telescopes. Details of those observations
are summarized in Table 1.
2.2. Data Reductions
Observed raw data were processed in the standard manner for astronomical imaging
data. All object frames were bias subtracted, flat fielded, and cosmic ray corrected using
the IRAF reduction package. Figure 1 shows the processed images, which are produced by
summing up the reduced ordinary images. We found that the cometary tail was faint in the
image on UT 2014 April 23 but became obvious in the RC-band image in May 2014. The tail
extended between the Sun–comet vector and the negative heliocentric velocity vector, which
is typical of cometary dust tails (rather than ion tails). On the contrary, the tail was not
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detected in the J-band image due to the low S/N ratio. We noticed the comet was slightly
stretched in the apparent direction of movement in the image taken with HONIR/Kanata
because we could not employ a comet-tracking mode with the Kanata telescope (theoretically,
it stretched by 1.8′′ on May 23, 2.8′′ on May 1, and 3.7′′ on May 17, comparable to or slightly
larger than the FWHM in HONIR images).
Imaging polarimetric data have often been analyzed to produce the two-dimensional
polarization maps (Furusho et al. 1999, 2007; Jones & Gehrz 2000; Hadamcik et al. 2013).
However, since the dust tail was too faint to permit us to make a map, we examined the spa-
tial variation of the linear polarization degrees in the following manner: We first extracted
individual source fluxes on the ordinary and extraordinary images by means of the IRAF
apphot task. Each flux was numerically integrated over the desired circular aperture and the
sky background was subtracted using the surrounding annulus (i.e. aperture photometry).
We set the aperture size ranging from one to five times the full width at half-maximum
(FWHM, 2.6′′–3.5′′) of 209P. The extracted intensities are used to obtain the Stokes param-
eters normalized by the intensity, Q/I, and U/I, which are given by:
Q
I
=
(
1−
√
Ie,0/Io,0
Ie,45/Io,45
)
/
(
1 +
√
Ie,0/Io,0
Ie,45/Io,45
)
, (1)
and
U
I
=
(
1−
√
Ie,22.5/Io,22.5
Ie,67.5/Io,67.5
)
/
(
1 +
√
Ie,22.5/Io,22.5
Ie,67.5/Io,67.5
)
, (2)
where Io,Ψ and Ie,Ψ are the ordinary and extraordinary intensities at the half-wave plate
angles Ψ in degree (Kawabata et al. 1999). The degree of linear polarization (P ) and the
position angle of polarization (θP ) were calculated as
P =
√(
Q
I
)2
+
(
U
I
)2
, (3)
and
θP =
1
2
tan−1
(
U
Q
)
, (4)
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respectively (Tinbergen 1996). For each night, we corrected for the instrumental polarization,
the polarization bias, and the position angle zero-point using the results for the polarized
and unpolarized standard stars. The polarization quantity (Pr) and the position angle of
the polarization plane (θr) referring to the scattering plane (Zellner & Gradie 1976) were
expressed as the following:
Pr = P cos(2θr), (5)
and
θr = θP − (φ± 90
◦), (6)
where φ is the position angle of the scattering plane (see Table 1), and the sign inside the
bracket is chosen to satisfy 0◦ ≤ (φ ± 90◦) ≤ 180◦ (Chernova et al. 1993). In Table 2, we
summarize the results of the polarization degrees (P and Pr) and the position angles (θP
and θr), which are derived from the multiple data sets at each night.
2.3. Nuclear Polarization
From this point on, we tried to distinguish the nuclear flux from the coma flux. In
general, the optical depth of most cometary comae is small relative to the nucleus. It is
unclear for the flux contrast between the nucleus and the coma (Lamy et al. 2004). We
chose the data from two nights (UT 2014 May 4 and 19) obtained with Pirka to allow the
use of the precise non-sidereal tracking. The radial profiles of 209P were obtained from the
co-added frames, which used only ordinary intensities at the four half-wave plate angles.
Stellar radial profiles were defined from the standard star images in the same night. These
data were converted into the one-dimensional azimuthally averaged surface brightness by the
pradprof task in IRAF. The profile parameters were determined by the best fit model with the
Moffat PSF fitting function (Moffat 1969). The reduced magnitudes of the nucleus on these
two nights, R=19.92±0.26 mag and R=20.02±0.26 mag, were calculated using an empirical
formula, R=16.24+0.04α (Ishiguro et al. 2015). Figure 2 shows the radial profiles 209P
(open circles) together with nucleus model (solid line) on these two nights. It is clear that
the observed fluxes are dominated by the nucleus at the radial distance within ∼2×FWHM,
while by the coma beyond ∼2×FWHM.
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To distinguish the nuclear polarization degrees from the coma polarization degree, we
made a plot of the polarization degrees taken with different aperture sizes with respect to
the ratio of the modelled nuclear flux to the observed flux, fn/c (Figure 3). We considered
the error associated not only with the signal-to-noise ratio and the uncertainty in the sky
background determination, but also with the uncertainty of the nuclear magnitude model
(i.e. 0.26 mag, Ishiguro et al. 2015). In Figure 3, the data with smaller apertures are plotted
in the upper right, while the data with larger apertures are plotted in the lower left. This
trend implies that the cometary nucleus is more polarized than the coma. In principal, the
P -intercept (i.e. fn/c=0) is supposed to approach the coma polarization degree while the
intersection with fn/c=1 approaches the nuclear polarization degree. We thus assumed that
the data points in Figure 3 can be fitted with a simple linear function, P = (Pc−Pn) × fn/c
+ Pn, where Pn and Pc are polarization degrees of the nucleus and coma, respectively, and
derived these values by the method of least squares.
3. Results
As the result of fitting, we obtained the polarization degree Pn=30.3
+1.4
−0.9% at α=92.2
◦
and Pn=31.0
+1.0
−0.8% at α=99.5
◦ for the nucleus, and Pc=28.8
+0.4
−0.4% at α=92.2
◦ andPc=29.6
+0.3
−0.3%
at α=99.5◦ for the coma. A somewhat surprising result may be derived as the polarization
degree for the nucleus.
3.1. Positive branch of polarization
In Table 2, the position angle of the strongest electric vectors, θP , is in good agreement
with those of normal vector to the scattering plane projected on the celestial plane, θ⊥ (see
Table 1) to an accuracy of a few degrees. For a spherical body, θP is supposed to align to
the normal vector of the scattering plane, and therefore, θP=θ⊥. Although the radar image
of 209P showed an irregular shape (Howell et al. 2014), such a regional irregularity may be
smoothed out by integrating the flux through the disk. These high polarizations for nucleus
indicate a light scattering feature on an object a few kilometers in size (2.5 km×3.2 km,
Ishiguro et al. 2015). Since the polarization degree for an airless body is primarily controlled
by the surface albedos, the low albedo of the nucleus (the geometric albedo Pv ∼0.05,
Ishiguro et al. 2015)would result in the high polarization degree. However, we are unable to
confirm this because of a lack of precedent for such dark airless bodies (typically Pv <0.1).
The following studies were shown potential for becoming the high polarization degree
– 9 –
(∼30%) of the dark bodies around α=95◦. There are studies of near-nuclear polarization for
2P/Encke (Pv=0.05±0.02, Ferna´ndez et al. 2000). High and low polarizations have been re-
ported to P=34.9%±1.7% at α=94.6◦ (P=39.9%±2.9% when corrected for the NH2 contam-
ination) in the red domain (662/5.9nm) (Jorkers et al. 2005) and P=11%±3% at α=92.9◦ in
the green domain (526/5.6nm) (Jewitt 2004) respectively. Considering the contamination by
the gaseous species, both studies were measured through the narrow band filter for the same
appearance. Note the difference that only the spectral gradient is incompletely explained as
pointed out by Hadamcik & Levasseur-Regourd (2009). Polarization of dark airless bodies
at the high phase angle were obtained P=24.5%±4% at α=81◦ for the Martian satellites
Phobos (Pv=0.07, Zellner & Capen 1974) and P=22%±4% at α=74
◦ for Deimos(Pv=0.07,
Thomas et al. 1996) in the orange domain (570nm), while these measurements by Mariner-9
may contain significant systematic errors (Noland et al. 1973). Thus, more observations of
dark asteroids are needed to investigate the positive polarization at the higher phase angle.
For the coma, such positive polarization with a maximum of Pmax = 25–30% around
α=95◦ in the red domain was reported in previous studies of the high Pmax comets (see Figure
4). Our measurements for the coma are consistent with them. We found from HONIR
measurements that the wavelength dependence of the polarization for the mixture of the
nucleus and coma was negligibly small, that is, P=30%±3% in RC-band and P=27%±5%
in J-band at α=89.9◦ with the aperture size of 1–3×FWHM, although the error of the
measurement was not good enough to compare with previous studies.
3.2. Phase angle dependence of P
Figure 4 shows the phase angle dependence of the polarization degrees of the nucleus
and coma. For comparison, we show the previous studies for cometary comae at phase
angles larger than about 80◦ and two red continuum lines through the use of the database
of comet polarimetry (Kiselev et al. 2005). Our data shows a moderate increase from 83.5◦
to 99.5◦ and no clear peak. There are known to be two classes of comets in terms of
the maximum polarization Pmax, so-called ’high-polarization comets’ and ’low-polarization
comets’. Levasseur-Regourd et al. (1996) reported that these two classes of comets have
similar polarization properties at α <40◦ but are bifurcated at larger phase angles. The high-
polarization comets have the peak polarization Pmax ∼25%–28% around α=90
◦–100◦, while
the low-polarization comets have Pmax ∼15% around the same phase angle. In addition,
Levasseur-Regourd et al. (1996) described the high-polarization comets as tending to be
classified as dusty comets, while the low-polarization comets tend to be classified as gassy
comets based on optical spectra. However, the latter case was evaluated as a misleading
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definition due to the gas contaminations through the broadband filter (Kiselev et al. 2001,
2004; Jewitt 2004). In the near-nucleus region, the polarizations of some low-polarization
comets reach to those of high-polarization comets (Kolokolova et al. 2007).
4. Discussion
4.1. Contamination of gas
First of all, we would like to discuss the contamination of polarization degree by gas
emissions. The observed polarization degrees of comets are known to be occasionally con-
taminated by gas emissions that reduce the observed polarization degree. In fact, gas-rich
comets tend to display low polarization degrees probably because of the depolarization of
the gas emission (Kiselev et al. 2001). However, we found that the observed spectra of the
209P coma showed no detectable gas emission in the wavelength range in which we deduced
the polarization degree. Figure 5 shows the optical spectra on UT 2014 May 27, only about
a week after our polarimetric run, taken at the Nishi-Harima Astronomical Observatory with
the Medium and Low–dispersion Long–slit Spectrograph (MALLS) attached to the Nayuta
2.0–m telescope. We employed the lowest-resolution grating (150 line mm−1), 8′′–slit, and
the order cut filter of WG320, ensuring the available spectrum at the wavelength 500–730
nm with the spectral resolution R ∼90. Note that the continuum slope might be affected by
insufficient calibration of the flux with the standard star taken at slightly different airmass.
We normalized the obtained reflectance spectrum at 550 nm and subtracted the continuum
by the spline interpolation. Figure 5 shows the continuum-subtracted spectrum with the
typical emission lines labelled (Brown et al. 1996).
There are clearly no detectable emission lines in the coverage of our RC filter, dispelling
the gas contamination. Similar results are reported through spectroscopic observation on
UT 2014 April 9 that a spectrum in the 350–600 nm range reveals no CN, C2, or C3 emission
features (Schleicher 2014). Although there might be time variation in the intensity of gas
emission, we conjecture that the variation would be small in our polarimetric data because
the RC-band monitoring magnitudes did not change over this period (Ishiguro et al. 2015).
We distinguished the polarization of the nucleus Pn=30–31% from that of the coma
Pc=29–30% taking account of the signal with different apertures (see Section 2.3). These
two values are not necessarily the same, because we observe the scattered light from the
coma dust grains in the former, while we observe the reflected light from a kilometer-sized
body in the latter. As shown in Figure 4, a comparison between observations performed in
other comets indicates a lower trend for the coma polarizations of 209P. We may nevertheless
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underestimate the polarization degrees for the coma due to a very slight gas contamination.
4.2. Estimation of maximum polarization Pmax
The polarization of the nucleus (Pn) seems to show higher than the coma (Pc) but the
differences are insignificant to the accuracy of our measurement. Figure 6 compares the po-
larization degrees of the nucleus with those of asteroids at phase angles larger than about 60◦
from the asteroid polarimetric database (Lupishko 2014). All asteroids in the database show
polarization degrees remarkably lower than 209P. The phase-polarization curve of (4179)
Tautatis is well studied among these asteroids. Ishiguro et al. (1997) determined the phase
angle of the maximum polarization at αmax=107
◦±10◦. Although we cannot determine
αmax of 209P with our measurement, we conjecture that our polarimetric measurement was
performed around the maximum polarization degree because both the S-type asteroid and
cometary coma show the maximum values around the phase angle we measured. For a better
understanding of the polarization properties of the nucleus and coma dust at large phase
angles, we derived the Pmax using the Lumme and Muinonen function (Goidet-Devel et al.
1995; Penttila¨ et al. 2005):
Pn = b (sinα)
c1 (cos (0.5α))c2 sin (α− α0) , (7)
where b, c1, c2 and α0 are constant parameters. According to Penttila¨ et al. (2005), parame-
ters b and α0 affect the amplitude and slope of polarization and the inversion angle, and the
other two parameters, the powers c1 and c2, control shapes the phase curve. Because the
phase angle coverage of our data is limited, we first fit the phase-polarization relations for
comets or asteroids, and then derived Pmax of 209P. Therefore, assuming that the nucleus
was essentially identical to low-albedo asteroids(Pv <0.1), we deduced Pmax of the nucleus
is 30.8% at αmax of 96
◦ with the fitted parameters b=34.81%, c1=0.7838, c2=0.2400 and
α0=17.88
◦. For the coma, assuming that the fitted parameters c1=0.7904, c2=0.2418 and
α0=21.59
◦ for high-polarization comets and keeping b as a free parameter, we deduced Pmax
of the coma is 29.6% with αmax=98
◦.
Our Pmax values are higher polarization than other high-polarization comets and known
airless bodies. It was suggetsed that the presence of jets and arcs in the ambient coma corre-
lated with regions of higher polarization (Tozzi et al. 1997; Furusho et al. 1999; Hadamcik et al.
1997). However, according to Ishiguro et al. (2015), such structures were not identified for
209P. Trends are shown as that are similar to the case with cometary nuclei split into
fragments (e.g. C/1999 S4 (Hadamcik & Levasseur-Regourd 2003c) and 73P (Bonev et al.
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2008)), whereas 209P is obvious without such an outburst. Therefore the correlation between
cometary activity and polarization excess are considered to be unsuitable for 209P. Some
physical properties such as grain size distribution and porosity (Hanner 2003; Hadamcik et al.
2002, 2006) may enhance the polarization degree of 209P, although we have no observational
evidence to study these properties.
4.3. Comparison with asteroids and slope-albedo relationship
Asteroids show a similar trend of the phase-polarization relation having the maximum
polarization at α=90◦–120◦ (Ishiguro et al. 1997; Kiselev et al. 1999) but the polarization
degrees of these asteroids are significantly lower than that of the 209P nucleus (see Figure
6). Note that only a few asteroids including (1685) Toro, (4179) Toutatis (214869) 2007
PA8 were observed at large phase angles and they are classified as S-type asteroids. The
S-type asteroids show very similar phase-polarization relations. Unique data concerning
E-type asteroids, which was obtained from (33342) 1998 WT24, indicated Pmax at α=72
◦
(Kiselev et al. 2002). The linear polarization of (2100) Ra-Shalom (C-type) was measured up
to a moderate phase angle (α=50◦). The C-type asteroid shows large P at α &20◦, although
Pmax for C-type asteroids has not been determined yet. Since S-type asteroids generally have
albedos larger than those of C-type asteroids and E-type asteroids have albedos larger than
others, it seems that Pmax for asteroids would have a correlation between albedo and Pmax.
A slope of the linear region at the inversion angle h (as the solid line in Figure 6
shows) was derived as 0.30%/◦±0.01%/◦ from the phase-polarization curve. This polarimet-
ric slope h was slightly steeper than the mean value of C-type objects (0.282%/◦±0.025%/◦,
Gil-Hutton & Canada-Assandri 2012). The relation between the geometric albedo Pv and
the slope h has been found from the studies of the scattering properties (Zellner et al. 1974;
Dollfus et al. 1989; Cellino et al. 1999), and is the following:
log Pv = C1 log h+ C2 , (8)
where C1 and C2 are the constants. These recent values were presented as C1=–1.207±0.067
and C2=–1.892±0.141 by Masiero et al. (2012). The geometric albedo for the nucleus of 209P
is calculated 0.05+0.03−0.02 on these constraints, which are consistent findings for Ishiguro et al.
(2015) and 0.049±0.020 as the average albedo of the potential dormant comets (Kim et al.
2014).
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4.4. Pmax–albedo relationship
This Pmax–albedo relationship has long been known as the Umov law. Since the effect
is observed on the Moon, Mercury and Mars, the Umov law could essentially be applicable
to asteroids and comets. The law is described as (Dollfus 1998):
Pmax = C3 (d)P
−C4
v , (9)
where Pv is the geometric albedo. C3 is a constant, originally proposed C4=1 by Umov.
Also, C3 (d) depends a grain size d of the regolith.
Dollfus (1998) investigated how C3 and C4 change according to the grain size. Figure
7 shows the albedo v.s. Pmax plot of 209P together with the Umov function modified by
Dollfus (1998) and Shevchenko & Skobeleva (1995). The geometric albedo of 209P was un-
known, so we adopted 0.05+0.03−0.02 as the likely estimate from Equation (8). We also plotted
the data of (1685) Toro, (4179) Tautatis, (33342) 1998 WT24, (214869) 2007 PA8 referring to
the geometric albedo of 0.29±0.13 (Masiero et al. 2012), 0.32±0.11 (Kraemer, et al. 2005),
0.56±0.20 (Harris et al. 2007), and 0.29±0.09 respectively. It is likely the albedo–Pmax re-
lation can be explained by the Umov law. Although the errors of albedos are too large to
enable the regolith sizes on these bodies to be determined, we can safely say that our 209P
data favours large (≫1 µm) particle sizes. Submicron-sized particles were probably well
accommodated by gas outflow and lost over time by repeated comet activities.
5. Summary
We made polarimetric observations of the highly dormant Jupiter-Family Comet, 209P,
at RC and J–band during the perihelion passage in 2014 and found the following:
1. No significant difference was found in RC- and J-band.
2. Both nucleus and dust coma show high linear polarization degree, that is, Pn=30.3
+1.3
−0.9%
at α=92.2◦ and Pn=31.0
+1.0
−0.7% at α=99.5
◦ for the nucleus, and Pc=28.8
+0.4
−0.4% at α=92.2
◦
and 29.6+0.3−0.3% at α=99.5
◦ for the coma.
3. We detected no significant variation in P at the phase angle coverage, suggesting that
the obtained P is nearly at maximum in the phase-polarization curves. We deduced
Pmax=30.8% (nucleus) and 29.6% (coma), respectively.
4. High Pmax value of the dust coma is consistent with a polarization classification scheme
described by Levasseur-Regourd et al. (1996).
– 14 –
5. We employed an empirical function for relating Pmax of the nucleus to the albedo, and
found that we obtained a good estimate of the albedo when we assumed the effective
size of the regolith particles of ≈1–100µm. The Umov law seems to work on the
cometary nuclei as well as the well-studied lunar surface.
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Table 1. Observational circumstances.
Date UT Filter Exp(a) N (b) r(c) ∆(d) α(e) θ
(f)
⊥ φ
(g) Inst.(h)
2014/04/23 12:21-13:43 RC 132 12 0.987 0.335 83.5 1.3 91.3 HONIR
2014/04/23 12:21-13:43 J 120 12 0.987 0.335 83.5 1.3 91.3 HONIR
2014/05/01 13:01-13:48 RC 132 12 0.972 0.268 89.9 2.4 92.4 HONIR
2014/05/01 13:01-13:48 J 120 12 0.972 0.268 89.9 2.4 92.4 HONIR
2014/05/04 13:04-14:31 RC 180 24 0.970 0.242 92.2 3.2 93.2 MSI
2014/05/17 12:23-14:29 RC 45 54 0.983 0.127 99.4 10.2 100.2 HONIR
2014/05/19 11:23-12:09 RC 60 36 0.988 0.110 99.5 12.2 102.2 MSI
(a)Individual effective exposure time in seconds.
(b)Number of exposures.
(c)Median heliocentric distance in AU.
(d)Median geocentric distance in AU.
(e)Median Solar phase angle (Sun–209P–Observer angle) in degree.
(f)Median position angle of normal vector with respect to the scattering plane in degree.
(g)Median position angle of the scattering plane in degree.
(h)Employed instruments.
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Table 2. Degree of linear polarization and position angle of polarization for 209P
Date Filter Ap(a) P (b) σP (c) θ
(d)
P σθ
(e)
P Pr
(f) θr
(g)
2014/04/23 RC 3.03 30.7 3.0 3.9 2.8 30.6 2.6
2014/04/23 RC 6.06 25.3 1.1 179.4 1.2 25.2 178.1
2014/04/23 RC 9.09 27.8 4.8 2.2 4.9 27.8 0.9
2014/04/23 RC 12.12 25.6 3.6 176.8 4.1 25.3 175.5
2014/04/23 RC 15.15 21.2 7.4 172.4 52.0 20.2 171.1
2014/04/23 J 2.59 33.8 2.2 1.5 1.8 33.8 0.2
2014/04/23 J 5.18 31.7 5.5 0.7 5.0 31.7 -0.6
2014/04/23 J 7.77 30.5 5.5 176.4 5.1 30.1 175.1
2014/04/23 J 10.36 26.3 3.3 172.9 3.5 25.2 171.6
2014/04/23 J 12.95 20.6 4.1 1.3 5.7 20.6 0.0
2014/05/01 RC 2.84 30.5 0.6 5.7 0.5 30.3 3.3
2014/05/01 RC 7.06 32.1 3.4 1.5 3.1 32.1 -0.9
2014/05/01 RC 10.59 28.5 5.8 3.5 5.8 28.5 1.1
2014/05/01 RC 14.12 36.2 6.4 179.3 5.0 36.0 176.9
2014/05/01 RC 17.65 18.5 8.8 6.7 52.0 18.3 4.3
2014/05/01 J 2.61 30.2 5.0 175.3 4.7 29.3 172.9
2014/05/01 J 5.22 27.1 2.3 1.9 2.4 27.1 -0.5
2014/05/01 J 7.83 23.8 6.5 4.6 7.9 23.7 2.2
2014/05/01 J 10.44 23.5 4.6 9.7 5.6 22.7 7.3
2014/05/01 J 13.05 20.9 4.6 177.9 6.3 20.6 175.5
2014/05/04 RC 3.53 30.12 0.18 2.01 0.21 30.10 -1.16
2014/05/04 RC 7.06 29.95 0.23 1.64 0.26 29.91 -1.53
2014/05/04 RC 10.59 29.62 0.24 1.41 0.27 29.56 -1.76
2014/05/04 RC 14.12 29.42 0.27 1.42 0.29 29.37 -1.75
2014/05/04 RC 17.65 29.86 0.35 1.40 0.36 29.80 -1.77
2014/05/17 RC 3.53 35.2 4.0 10.0 3.2 35.2 -0.2
2014/05/17 RC 7.06 37.3 6.8 10.8 5.2 37.3 0.6
2014/05/17 RC 10.59 30.3 1.9 6.1 1.8 30.0 -4.1
2014/05/17 RC 14.12 36.3 3.8 6.0 3.0 35.9 -4.2
2014/05/17 RC 17.65 32.1 3.5 5.1 3.1 31.6 -5.1
2014/05/19 RC 2.79 30.88 0.11 11.06 0.17 30.86 -1.11
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Table 2—Continued
Date Filter Ap(a) P (b) σP (c) θ
(d)
P σθ
(e)
P Pr
(f) θr
(g)
2014/05/19 RC 5.58 30.47 0.12 11.03 0.17 30.45 -1.14
2014/05/19 RC 8.37 30.32 0.13 11.05 0.18 30.30 -1.12
2014/05/19 RC 11.16 30.35 0.14 10.99 0.18 30.32 -1.18
2014/05/19 RC 13.95 30.41 0.17 10.94 0.20 30.38 -1.23
(a)Aperture radius in arcsec.
(b)Polarization degree in percent.
(c)Standard deviation of P in percent.
(d)Position angle of the strongest electric vector in degree.
(e)Standard deviation of θP in degree.
(f)Polarization degree referred to the scattering plane in percent.
(g)Position angle referred to the scattering plane in degree.
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Fig. 1.— Optical and near-infrared ordinary images of 209P taken on (a) UT 2014 April
23 with HONIR in RC-band, (b) UT 2014 April 23 with HONIR in J-band, (c) UT 2014
May 1 with HONIR in J-band, (d) UT 2014 May 4 with MSI in RC-band, and (e) UT 2014
May 17 with MSI in RC-band. The comet nucleus is located at the center of each panel.
The Celestial North is up and Celestial East to the left. (a)–(c) have the field-of-view of
44′′×41′′ and (d)–(e) 67′′×38′′. The Sun→209P vector (r⊙) and the negative heliocentric
velocity vector (−v) are shown by arrows.
– 23 –
Fig. 2.— Radial profiles in the ordinary images from observations made on (a) UT 2014 May
4 and (b) UT 2014 May 19 using MSI in RC-band. The open circles show the extracted data
points as the radial profile of 209P. The solid line shows the point-spread-function of the
star scaled to the nuclear flux. The vertical dotted lines correspond to 1–5×FWHM of the
comet. From the comparison, it is obvious the nuclear flux is dominated at smaller distance
(within ∼2×FWHM) while coma flux dominates at a greater distance (beyond ∼2×FWHM)
– 24 –
Fig. 3.— Polarization degree (P ) with respect to ratio of the nuclear flux to the observed
flux fn/c taken on UT 2014 May 4 (filled circles) and 19 (filled squares). The solid lines
are fitted ones for P–fn/c plots on each night. The intercept along the vertical axis (i.e.
fn/c = 0) asymptotically approaches the coma polarization degree whereas the intersection
with fn/c=1 approximately equals the polarization degree of the nucleus.
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Fig. 4.— Phase angle dependence of polarization for 209P nucleus (filled circles) and
coma (open circles) taken with MSI. Regarding data taken with HONIR (indicated by
crosses), we adopted blended signals of nucleus and coma with relatively large aperture
(3×FWHM) due to inadequate tracking of the telescope. For comparison, we show polar-
ization degrees of other comets in R-band region (about 650±50 nm), which are mostly
attributed to light scattered by dust particles in comae. Two fit lines with the Lumme
and Muinonen function, high Pmax(solid line and open diamonds) and low Pmax(dashed
line and open triangles) comprise the PDS archive(Kiselev & Chernova 1978; Michalsky
1981; Myers 1985; Kikuchi et al. 1987, 1989; Eaton et al. 1988, 1992; Rosenbush et al. 1994;
Levasseur-Regourd et al. 1996; Hadamcik & Levasseur-Regourd 2003a,b; Joshi et al. 2003;
Kikuchi 2006; Ganesh et al. 2009)
.
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Fig. 5.— Continuum-subtracted spectrum of 209P taken at the Nishi-Harima Astronomical
Observatory with MALLS. Major emission lines are labelled and the peak at 658 nm is
evaluated as a calibration artifact. The transmission curve of our RC filter is indicated too.
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Fig. 6.— Comparison of phase angle dependence of polarization of 209P at RC–band, re-
ported in this paper, with those of near–Earth asteroids, 1685 Toro (Kiselev et al. 1990),
4179 Toutatis (Ishiguro et al. 1997; Mukai et al. 1997), 2100 Ra-Shalon (Kiselev et al. 1999),
25143 Itokawa (Cellino et al. 2005), 33342 1998 WT24(Kiselev et al. 2002), and 214869
2007 PA8(Fornasier et al. 2015). The dotted line is produced by means of the Lumme
and Muinonen function between 209P nucleus and the dark asteroids from the PDS
archive (Zellner et al. 1974; Belskaya et al. 1987; Nakayama et al. 2000; Belskaya et al. 2005;
Fornasier et al. 2006; Belskaya et al. 2009; Bagnulo et al. 2010; Canada-Assandri et al. 2012;
Gil-Hutton & Canada-Assandri 2012; Lupishko 2014). The solid line shows a slope of the
linear region of the phase-polarization curve.
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Fig. 7.— Geometric albedo with respect to Pmax for (1685) Toro, (4179) Toutatis (214869)
2007 PA8 (S-type), (33342) 1998 WT24 (E-type), and 209P. Albedo – Pmax relations based on
two models shown by solid (Dollfus 1998) and dashed lines (Shevchenko & Skobeleva 1995)
are plotted as typical surface grain sizes: coarse grain(160 µm) and fine grain(1-4 µm). The
bold lines are also indicators for the coarse grain.
